The serine/threonine kinase tumor progression locus 2 (Tpl2, also known as Map3k8/Cot) is a potent inflammatory mediator that drives the production of TNF␣, IL-1␤, and IFN␥. We previously demonstrated that Tpl2 regulates T cell receptor (TCR) signaling and modulates T helper cell differentiation. However, very little is known about how Tpl2 modulates the development of regulatory T cells (Tregs). Tregs are a specialized subset of T cells that express FoxP3 and possess immunosuppressive properties to limit excess inflammation. Because of the documented role of Tpl2 in promoting inflammation, we hypothesized that Tpl2 antagonizes Treg development and immunosuppressive function. Here we demonstrate that Tpl2 constrains the development of inducible Tregs. Tpl2 ؊/؊ naïve CD4 ؉ T cells preferentially develop into FoxP3 ؉ inducible Tregs in vitro as well as in vivo in a murine model of ovalbumin (OVA)-induced systemic tolerance. Treg biasing of Tpl2 ؊/؊ T cells depended on TCR signal strength and corresponded with reduced activation of the mammalian target of rapamycin (mTOR) pathway. Importantly, Tpl2 ؊/؊ Tregs have basally increased expression of FoxP3 and immunosuppressive molecules, IL-10 and cytotoxic T lymphocyte-associated protein 4 (CTLA-4). Furthermore, they were more immunosuppressive in vivo in a T cell transfer model of colitis, as evidenced by reduced effector T cell accumulation, systemic production of inflammatory cytokines, and colonic inflammation. These results demonstrate that Tpl2 promotes inflammation in part by constraining FoxP3 expression and Treg immunosuppressive functions. Overall, these findings suggest that Tpl2 inhibition could be used to preferentially drive Treg induction and thereby limit inflammation in a variety of autoimmune diseases.
specialized lineage of T cells with immunosuppressive properties. The forkhead box P3 (FoxP3) transcription factor is important in specifying this lineage (2, 3) , and humans with mutations in the Foxp3 gene develop severe multiorgan autoimmune disease, including autoimmune enteropathy, dermatitis, thyroiditis, and type I diabetes (4) . This syndrome is highly homologous to that observed in scurfy mice that also harbor mutations within the Foxp3 gene (5) . Tregs 2 arise naturally in the thymus (natural Tregs (nTregs) or thymus-derived Tregs) or can be induced from naïve conventional T cells in the periphery (inducible Tregs (iTregs)) (6 -9) . Both types of FoxP3 ϩ Tregs exhibit critical immunoregulatory functions to maintain central and peripheral tolerance (7, 9) . Treatment with immunosuppressive iTregs is now being evaluated for therapeutic potential in autoimmune diseases like type I diabetes and graft versus host disease (10 -12) , but clinicians face significant obstacles in obtaining enough highly purified and stably immunosuppressive Tregs for treatment protocols. Therefore, a better understanding of the mechanisms that regulate Treg development and immunosuppressive functions is clearly warranted.
One molecule that has recently gained interest as a potential therapeutic target is the serine/threonine kinase tumor progression locus 2 (Tpl2), also known as Map3k8/Cot. Tpl2 is essential for the processing, secretion, and signal transduction of TNF␣ (13) , an inflammatory cytokine implicated in diverse autoimmune diseases, including rheumatoid arthritis, inflammatory bowel diseases, psoriasis, and lupus (14) . Tpl2 shows low homology to other kinases, is not inhibited by the nonspecific kinase inhibitor staurosporine, and is the only known human kinase to have a proline instead of a glycine in its ATP binding region, all of which make it an attractive drug target for selective inhibition (15) . In macrophages, Tpl2 is maintained in an inactive form through a stoichiometric interaction with NFB1/p105 (16) . Activation of the IB kinase complex leads to phosphorylation of Tpl2 and its release from p105 inhibition. Phosphorylated Tpl2 is released to activate the MEK-ERK sig-* This work was supported by NIAID, National Institutes of Health Award naling pathway (17) . Despite the multitude of MAP kinases, Tpl2 serves a critical, non-redundant role in Toll-like receptor (TLR)-dependent ERK activation leading to expression of inflammatory mediators, including TNF, IL-1␤, and COX-2 (13, 18, 19) .
Importantly, Tpl2 Ϫ/Ϫ T cells also exhibit altered T helper cell differentiation into Th1 and Th2 lineages (20, 21) . We demonstrated that Tpl2 Ϫ/Ϫ Th1 cells were impaired in expression of the Th1 transcription factors STAT4 and T-bet and secretion of IFN␥ (20) . In contrast, Th2 responses and immunopathology were enhanced in Tpl2 Ϫ/Ϫ mice in an OVA-induced model of allergic asthma (21) . Because a number of autoimmune diseases and cancers are believed to be T cell-mediated (22) , understanding how Tpl2 contributes to other T helper cell lineages, especially the development of Tregs, is necessary.
Several TCR-induced signaling pathways are known to regulate iTreg development, which is favored by weak TCR signals and limited co-stimulation of peripheral T cells (23) (24) (25) . In particular, inhibition of either the MEK-ERK pathway or the PI3K-Akt-mammalian target of rapamycin (mTOR)-S6 ribosomal protein (S6) pathway promotes the expression of FoxP3 (26 -29) . Because Tpl2 promotes the activation of ERK and the PI3K-Akt-mTOR pathway in a variety of innate cell types and in response to multiple stimuli (20, 21, 30, 31) , Tpl2 deficiency might therefore be predicted to enhance FoxP3 expression. However, a previous study demonstrated that Tpl2 ablation increased inflammation-induced intestinal tumorigenesis in APC min mice, and this correlated with reduced IL-10 expression and impaired Treg generation (32) . In contrast, another study demonstrated that Tpl2 was a negative regulator of Tregs because Tpl2 destabilized the Treg lineage through inhibition of FoxP3 DNA binding activity in a MEK-ERK-dependent manner (33) .
To address this apparent discrepancy in the regulation of Treg differentiation by Tpl2, we investigated the mechanisms by which Tpl2 regulates iTreg development in vitro and in vivo via TCR-induced signals. We observed that differentiation to the iTreg lineage preferentially occurred in Tpl2 Ϫ/Ϫ T cells in a T cell-autonomous manner. Furthermore, we observed increased proportions of FoxP3 ϩ iTregs induced from naïve Tpl2 Ϫ/Ϫ CD4 ϩ T cells in vivo in a murine model of OVA-induced systemic tolerance, indicating that Tpl2 plays an important role in restricting FoxP3 expression. This inhibition of FoxP3 expression by Tpl2 depended on the strength of the signal sensed by the TCR and correlated with decreased activation of the mTOR-S6 pathway in Tpl2-deficient CD4 ϩ T cells. In addition, we observed that Tpl2 Ϫ/Ϫ Tregs are more protective in a T cell transfer model of colitis, and this was associated with both reduced accumulation of effector T cells and systemic production of the inflammatory cytokines TNF␣, IL-6, and IFN␥. Enhanced immunosuppressive activity on a per-cell basis was consistent with increased expression of the transcription factor FoxP3, the immunosuppressive cytokine IL-10, and the negative regulatory marker CTLA-4 in Tpl2 Ϫ/Ϫ Tregs in vitro. Collectively, our data suggest that Tpl2 inhibition may provide a means to deviate pathologic immune responses not only by impairing de novo induction of pathogenic Th1 cells (20) but also by promoting the differentiation and development of immunosuppressive Tregs.
Results
Tpl2 Is Dispensable for nTreg Development under Homeostatic Conditions-To determine whether Tpl2 regulates Treg development or functions, we first measured the relative expression of Tpl2 in Tregs isolated from spleens and lymph nodes of C57BL/6 (WT) mice. Compared with sorted CD4 ϩ CD25 Ϫ naïve T cells, CD4 ϩ CD25 ϩ Tregs expressed ϳ6-fold more Tpl2 mRNA and protein ( Fig. 1, A and B) . Because Tregs have previously received a TCR signal to differentiate, we next investigated whether the increased Tpl2 expression in Tregs is a consequence of prior TCR stimulation. Tpl2 gene expression was measured in activated T cells and iTregs. Indeed, Tpl2 was significantly induced by ϳ37-fold in naïve T cells that had been activated for 3 days with anti-CD3 and anti-CD28 (Th0; Fig. 1, A and B) . In contrast, Tpl2 expression in activated T cells cultured under iTreg-inducing conditions showed significantly lower Tpl2 expression similar to that observed in freshly isolated Tregs. These data suggest that TCR signals induce Tpl2 expression and that TGF-␤ likely negatively regulates Tpl2 expression in iTregs because Tpl2 may be counterproductive for Treg functions.
We next evaluated whether Tpl2 regulates Treg development in vivo under homeostatic conditions. Thymi, spleens, mesenteric lymph nodes (MLNs), and lamina propria lymphocytes (LPLs) were isolated from sex-matched littermate C57BL/6 or Tpl2 Ϫ/Ϫ mice derived from heterozygous matings and analyzed for Tregs. No differences were observed for the total cell numbers, proportions, or absolute numbers of FoxP3 ϩ Tregs in the thymus, spleen, MLNs, or LPLs between WT and Tpl2 Ϫ/Ϫ mice (Fig. 2 , A-C). Therefore, Tpl2 ablation does not alter the proportion or absolute number of Tregs in the central or peripheral lymphoid organs under homeostatic conditions. Helios (Ikzf2) is a transcription factor of the Ikaros family that is expressed in the majority of CD4 ϩ FoxP3 ϩ nTregs but not in FIGURE 1. Tpl2 expression is inhibited in iTregs compared with activated Th0 cells. A, sorted naïve CD4 ϩ T cells (CD4 ϩ CD44 lo CD62L hi CD25 Ϫ ) and Tregs (CD4 ϩ CD25 ϩ ) were isolated from WT mice. WT naïve T cells were cultured with 5 g/ml immobilized anti-CD3 and CD28 in neutral (Th0) or iTreg (40 IU/ml rhIL-2 ϩ 10 ng/ml rhTGF-␤) conditions for 3 days. Tpl2 mRNA expression was measured by real-time RT-PCR for freshly isolated WT naïve T cells, freshly isolated WT Tregs, day 3 cultured WT Th0, and day 3 cultured WT iTregs. Data are pooled from three or more independent experiments. *, p Ͻ 0.01; two-tailed Student's t test. B, WT naïve CD4 ϩ T cells, freshly isolated Tregs, day 3 cultured WT Th0, and day 3 cultured WT iTregs were immunoblotted for Tpl2 and ␤-Actin. Data are representative of two independent experiments.
iTregs (34) . Therefore, Helios has been utilized as a marker to distinguish natural Tregs and peripherally derived iTregs in naïve mice. It is important to note that the majority of Tregs under homeostatic conditions are natural Tregs derived from the thymus (34) . Similar proportions of Helios ϩ FoxP3 ϩ Tregs were observed in the thymus and peripheral lymphoid organs in 
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WT and Tpl2 Ϫ/Ϫ mice ( Fig. 2 , D-F), suggesting that Tpl2 ablation does not alter nTreg development.
Tpl2 Inhibits FoxP3 Expression and iTreg Differentiation in Vitro via a T Cell-autonomous Mechanism-Treg differentiation is orchestrated by both T cell-intrinsic factors such as TCR signaling pathways and T cell-extrinsic factors, such as co-stimulatory or cytokine signals provided by accessory cells (8, 9, 35, 36) . TCR signals, in combination with the cytokines IL-2 and TGF-␤, are important for iTreg differentiation (35, 37) . To delineate the T cell-intrinsic role of Tpl2 in iTreg development and differentiation, we investigated whether Tpl2 Ϫ/Ϫ naïve CD4 ϩ T cells differentiate normally into iTregs in vitro by performing co-culture experiments. OT-II ϩ TCR-transgenic naïve CD4 ϩ T cells derived from WT OT-II ϩ or Tpl2 Ϫ/Ϫ OT-II ϩ mice were stimulated with an MHC class II-restricted OVA peptide (OVA 323-339 ) in the presence of WT BMDCs or Tpl2 Ϫ/Ϫ BMDCs under neutral (Th0) or iTreg (TGF-␤ ϩ IL-2) conditions. In co-culture with WT BMDCs, Tpl2 Ϫ/Ϫ T cells preferentially developed into FoxP3-expressing iTregs com-pared with WT T cells via a T cell-intrinsic mechanism under iTreg conditions (Fig. 3 , A and B, left panel). A similar trend was observed in the presence of Tpl2 Ϫ/Ϫ BMDCs (Fig. 3B , right panel), demonstrating that the dominant role for Tpl2 in iTreg development occurred within the T cell compartment. Importantly, this bias in FoxP3 expression was not observed in Tpl2 Ϫ/Ϫ T cells cultured under Th0 conditions, in which WT and Tpl2 Ϫ/Ϫ T cells had similarly low levels of FoxP3 expression ( Fig. 3A) . These data confirm that increased FoxP3 expression in Tpl2 Ϫ/Ϫ T cells is a consequence of iTreg-inducing signals, i.e. TCR plus cytokines. FoxP3 expression was favored in Tpl2 Ϫ/Ϫ T cells with decreasing TCR signal strength (i.e. decreasing OVA peptide), whereas strong TCR signals partially compensated for Tpl2 deficiency in iTreg cultures ( Fig. 3C ). CTLA-4, inducible T-cell costimulator (ICOS), glucocorticoidinduced TNFR-related protein (GITR), and CD25 are all considered to be cell surface markers of Tregs (7, 38 -40) . Notably, CTLA-4 supports FoxP3 expression and iTreg differentiation in response to TGF-␤ and IL-2 (41, 42) . Consistent with FIGURE 3. Tpl2 inhibits FoxP3 expression in vitro via a T cell-autonomous mechanism. A, representative data for TCR␤ ϩ CD4 ϩ FoxP3 ϩ cells cultured under Th0 and iTreg conditions in vitro with a dose of 0.3 M OVA peptide. CD4 ϩ TCR␤ ϩ cells were first gated and then analyzed for the proportion of FoxP3 ϩ cells. B, 100,000 WT OT-II ϩ or Tpl2 Ϫ/Ϫ OT-II ϩ naïve CD4 ϩ T cells were co-cultured with 10,000 WT or Tpl2 Ϫ/Ϫ BMDCs with increasing doses of OVA (0.1, 0.3, 1, 3, or 10 M) in a volume of 200 l for 3 days under iTreg conditions (40 IU/ml rhIL-2 ϩ 10 ng/ml rhTGF-␤). Cells cultured with WT BMDCs (left panel) and KO BMDCs (right panel) were harvested and stained intracellularly for FoxP3, and the percentage of FoxP3 ϩ gated CD4 ϩ TCR-␤ ϩ T cells was measured by flow cytometry (n Ն 3 replicates). Data are presented as mean Ϯ S.D. *, p Ͻ 0.05; ***, p Ͻ 0.001; two-tailed Student's t test. Data are representative of three or more experiments with similar results. C, FoxP3 mRNA expression was measured from cell pellets in C. n ϭ 4 individual experiments. *, p Ͻ 0.05, one-tailed paired Student's t test. D, WT or Tpl2 Ϫ/Ϫ T cells were co-cultured with WT BMDCs for 3 days under iTreg conditions. Cells were harvested and stained for CTLA-4, CD25, ICOS, and GITR. Data are representative of three independent experiments. increased FoxP3 expression, our data revealed that Tpl2 Ϫ/Ϫ iTregs also exhibit higher CTLA-4 induction than WT iTregs ( Fig. 3D ). However, the expression of other Treg markers, such as CD25, ICOS, and GITR (38, 40) , was not different between WT and Tpl2 Ϫ/Ϫ cultured iTregs ( Fig. 3D) . These data confirm a T cell-intrinsic requirement for Tpl2 in suppressing FoxP3 expression in response to TCR and cytokine signals.
Tpl2 Inhibits Differentiation of FoxP3 ϩ iTregs Independent of Cell Proliferation and Survival-A previous study demonstrated that Tpl2 Ϫ/Ϫ CD8 T cells exhibit enhanced proliferation upon TCR stimulation (30) . To determine whether enhanced FoxP3 expression may be attributed to increased proliferation and outgrowth of FoxP3 ϩ iTregs in Tpl2 Ϫ/Ϫ cultures, we examined the proportion of FoxP3 ϩ iTregs within WT and Tpl2 Ϫ/Ϫ T cells at individual cell divisions. WT and Tpl2 Ϫ/Ϫ OT-II ϩ CD4 T cells were labeled with CFSE and cultured under iTreg conditions. More Tpl2 Ϫ/Ϫ T cells had undergone three to four cell divisions (25%) compared with WT T cells (13%), confirming a modest increase in proliferation within Tpl2 Ϫ/Ϫ CD4 T cells. However, increased proliferation was unable to account for the increased frequency of Tpl2 Ϫ/Ϫ iTregs because, within each cell division, there was a consistent increase in the proportion of Tpl2 Ϫ/Ϫ FoxP3 ϩ iTregs (Fig. 4 , B and C). This demonstrates increased conversion of Tpl2 Ϫ/Ϫ T cells to the iTreg lineage independent of proliferation. Furthermore, we also investigated whether increased iTreg generation may be attributed to increased survival in Tpl2 Ϫ/Ϫ iTregs. WT and Tpl2 Ϫ/Ϫ OT-II ϩ CD4 T cells cultured for 3 days under iTreg conditions were stained with Annexin V and anti-FoxP3 antibody to examine both cell survival and apoptosis of iTregs. There was no difference in the proportion of viable cells observed between WT and Tpl2 Ϫ/Ϫ iTreg cultures within the gated FoxP3 ϩ population or within all gated CD4 ϩ T cells ( Fig. 4D ). Overall, these results demonstrate that enhanced FoxP3 expression in Tpl2 Ϫ/Ϫ T cells is due to increased conversion to the iTreg lineage rather than increased outgrowth or survival of already committed iTregs.
Tpl2 Inhibits FoxP3 Expression by Promoting Activation of the mTOR Signaling Pathway in Response to TCR Signals-To determine which pathways are altered in Tpl2 Ϫ/Ϫ CD4 ϩ T cells, we performed biochemical analyses to measure the contribution of Tpl2 to both TCR-and cytokine-induced pathways that regulate iTreg differentiation. ERK inhibition is known to promote FoxP3 expression (28) , and a recent study revealed that Tpl2 activates the MEK-ERK pathway to impair FoxP3 stability (33) . Therefore, we first examined whether Tpl2 modulates ERK phosphorylation in naïve CD4 ϩ T cells upon TCR stimulation with anti-CD3 and anti-CD28. However, acute ERK activation proceeded normally in Tpl2-deficient naïve CD4 ϩ T cells ( Fig. 5A ). Because the AKT-mTOR-S6 pathway is another TCR signaling axis that negatively regulates iTreg differentiation (26 -28), we similarly examined the phosphorylation of ribosomal protein S6, a translational regulator and robust indicator of mTOR activation (43) . Significantly impaired phosphorylation of S6 was observed in Tpl2-deficient naïve CD4 ϩ T cells upon TCR activation for 20 or 30 min with anti-CD3 and anti-CD28 compared with WT T cells ( Fig. 5B) . A trend toward reduced S6 activation was also noted at the earlier 10-min time point. These data suggest that reduced mTOR signaling contributes to enhanced iTreg differentiation in the absence of Tpl2. Because S6 is the substrate of ribosomal protein S6 kinase ␤-1 (S6K1) that is phosphorylated by mammalian target of rapamycin complex 1 (mTORC1), reduced S6 activation in Tpl2 Ϫ/Ϫ T cells suggests that Tpl2 promotes mTORC1 activation. We further tested whether treatment with rapamycin, an inhibitor of mTORC1, leads to similar enhancement of iTregs in WT and Tpl2 Ϫ/Ϫ T cells. Indeed, rapamycin treatment increased the proportion of FoxP3 ϩ WT iTregs to a level comparable with Tpl2 Ϫ/Ϫ iTregs treated with the vehicle control ( Fig. 5C ). Furthermore, rapamycin treatment did not significantly enhance the proportion of FoxP3 ϩ cells in Tpl2 Ϫ/Ϫ iTregs. These data further support a role for Tpl2 in enhancing FoxP3 expression via inhibition of the mTOR pathway.
We also examined whether alterations in cytokine signaling contribute to the iTreg bias in Tpl2 Ϫ/Ϫ T cells. Naïve CD4 ϩ T cells from WT or Tpl2 Ϫ/Ϫ mice were first activated with anti-CD3 and anti-CD28 to induce expression of the high-affinity IL-2R␣ receptor CD25 and then restimulated with IL-2 over a brief time course to analyze IL-2-induced STAT5 activation by Western blotting. Activation of STAT5 occurred with normal kinetics and magnitude in Tpl2 Ϫ/Ϫ T cells (data not shown). Next, we examined TGF-␤ responsiveness of Tpl2 Ϫ/Ϫ T cells.
To test the effect of Tpl2 ablation on Smad2 activation, Th0 cells were stimulated over a time course under iTreg-inducing conditions (10 ng/ml TGF-␤ in combination with 100 IU/ml IL-2 and 10 g/ml anti-CD3), and Smad2 activation was assessed. Modestly increased levels of phosho-Smad2 activation were observed very early after stimulation in Tpl2 Ϫ/Ϫ CD4 ϩ T cells based on three individual experiments (data not shown), although this modest effect is unlikely to contribute to the observed phenotypic changes. Collectively, biochemical studies suggest that Tpl2 promotes TCR signaling through mTOR to suppress FoxP3 expression during iTreg conversion.
Tpl2 Inhibits iTreg Development in Vivo in a Murine Model of Systemic Tolerance-We next evaluated whether Tpl2 inhibits iTreg development in vivo in a murine model of OVA-induced systemic tolerance. In this model, iTregs are induced in response to OVA antigen administered systemically in the absence of adjuvant (44, 45) . Donor naïve CD4 ϩ T cells were purified from WT OT-II ϩ or Tpl2 Ϫ/Ϫ OT-II ϩ transgenic mice expressing the CD45.2 congenic marker and adoptively transferred into C57BL/6-Ly5.1 recipient mice expressing CD45.1. Twenty-four hours later, OVA 323-339 peptide was injected intravenously into CD45.1 ϩ recipients in the absence of adjuvant. After 8 days, a subpopulation of donor OT-II ϩ transgenic T cells could be seen to differentiate from naïve CD4 ϩ T cells into FoxP3 ϩ iTregs (Ref. 44 and Fig. 6, A and B) . FoxP3 was nearly undetectable in either WT or Tpl2 Ϫ/Ϫ transferred CD45.2 ϩ OT-II ϩ T cells without systemic administration of OVA antigen (Fig. 6A ). However, upon OVA administration, Tpl2 Ϫ/Ϫ OT-II ϩ donor T cells differentiated significantly more efficiently into iTregs in the spleen and MLN than WT OT-II ϩ donor cells (Fig. 6, A and B) . These results are consistent with the observed Treg bias in Tpl2 Ϫ/Ϫ CD4 ϩ T cells in vitro and confirm the role of Tpl2 and TCR signaling in regulating FoxP3 expression and iTreg induction in vivo.
Tpl2 Ϫ/Ϫ Tregs Offer Greater Protection in a T Cell Transfer Model of Colitis-We have demonstrated that Tpl2 inhibits FoxP3 expression and the generation of iTregs ( Fig. 3 ). An increase in FoxP3 expression was also observed in freshly isolated Tpl2 Ϫ/Ϫ Tregs (Fig. 7A ). Because FoxP3 promotes and maintains the immunosuppressive properties of Tregs (46), we examined the role of Tpl2 in the regulation of Treg immunosuppressive functions. To investigate whether Tpl2 Ϫ/Ϫ Tregs are more suppressive than WT Tregs, we employed an in vivo suppression assay. This model, based on naïve CD4 ϩ T cell transfer into Rag1 Ϫ/Ϫ mice, is believed to faithfully demonstrate the immune-suppressive functions of Tregs in vivo (47, 48) . Colitis induced by transfer of naïve T effector (T eff ) cells into Rag Ϫ/Ϫ mice can be prevented by co-transfer of CD4 ϩ CD25 ϩ Tregs (47) (48) (49) . Therefore, colitis was induced in Rag1 Ϫ/Ϫ mice by transfer of 500,000 WT naïve effector cells, and colitis was "rescued" by co-transfer of 12,500 WT or Tpl2 Ϫ/Ϫ Tregs (Fig. 7B ). As expected, Rag1 Ϫ/Ϫ mice that received only naïve T cells developed colitis, characterized by weight loss, because of a break in peripheral tolerance as early as AUGUST 5, 2016 • VOLUME 291 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 16807 2-3 weeks post-transfer ( Fig. 7C) . Enhanced immunosuppressive activity of Tpl2 Ϫ/Ϫ Tregs would have been predicted based on increased FoxP3 expression ( Fig. 7A) . Indeed, WT Tregs were only partially immunosuppressive and protected young mice from weight loss but failed to support weight gain (Fig.  7C ). Tpl2 Ϫ/Ϫ Tregs, however, were fully suppressive and supported significant weight gain in age-matched recipients. Furthermore, Tpl2 Ϫ/Ϫ Tregs, but not WT Tregs, were fully able to FIGURE 5 . Tpl2 promotes the activation of the mTOR pathway in response to TCR signals. A, splenocytes were isolated from WT and Tpl2 Ϫ/Ϫ mice and rested for 2 h in complete medium at 37°C and 5% CO 2 . Cells were stimulated with anti-CD3 and anti-CD28 for 2, 5, or 30 min, and ERK phosphorylation within the gated naïve CD4 ϩ T cell population was detected by intracellular staining and flow cytometry (left panel). Also shown is the mean fluorescence intensity of phospho-ERK1/2 within the gated naïve CD4 ϩ T cell population (right panel). Data are pooled from three independent experiments. B, splenocytes were isolated from WT and Tpl2 Ϫ/Ϫ mice and rested for 2 h in complete medium at 37°C and 5% CO 2 . Cells were stimulated with anti-CD3 and anti-CD28 for 10, 20, or 30 min, and phosphorylation of S6 was determined by intracellular staining within the gated naïve CD4 ϩ T cell population (left panel). Also shown is the mean fluorescence intensity of phospho-S6 within the gated naïve CD4 ϩ T cell population (right panel). Data are pooled from three independent experiments. *, p Ͻ 0.05; two-tailed paired Student's t test. C, 100,000 sorted naïve WT OT-II ϩ or Tpl2 Ϫ/Ϫ OT-II ϩ T cells (CD4 ϩ CD44 lo CD62L hi CD25 Ϫ ) were co-cultured with 10,000 WT BMDC with a dose of 1 M OVA peptide for 3 days under Treg conditions (40 IU/ml rhIL-2 ϩ 5 ng/ml rhTGF-␤). 

inhibit the increase in spleen and MLN total cell numbers ( Fig.  7D ) and colonic inflammation (Fig. 7, E and F) . These findings also correlated well with systemic pro-inflammatory cytokines. Tpl2 Ϫ/Ϫ Tregs effectively prevented the induction of the serum pro-inflammatory cytokines TNF, IL-6, and IFN␥ ( Fig. 8A) , which contribute to colitis development, whereas WT Tregs were less effective at reducing pro-inflammatory cytokine induction (Fig. 8A) . Consistent with this, Tpl2 Ϫ/Ϫ Tregs significantly reduced the proportion of inflammatory T eff cells within the spleen, MLN, and LPLs (Fig. 8B) as well as the absolute number of inflammatory T eff cells in the spleen and MLN (Fig.  8C ). Although the proportions of Tpl2 Ϫ/Ϫ Tregs within the lymphocyte gate were elevated in the spleen, the absolute number of Tregs in the spleen and MLN remained similar or trended toward a decrease in mice receiving Tpl2 Ϫ/Ϫ Tregs compared with WT Tregs (Fig. 8, D and E) . Collectively, these findings demonstrate that Tpl2 Ϫ/Ϫ Tregs offer superior protection in a T cell transfer model of colitis and suggest that this is achieved by increased suppressive functions of Tpl2 Ϫ/Ϫ Tregs on a per-cell basis.
Tpl2 Ϫ/Ϫ Tregs Express Increased Levels of IL-10 and CTLA-4 -Next, we investigated the nature of the increased immunosuppressive activities of Tpl2 Ϫ/Ϫ Tregs. Tregs inhibit effector cell activation and proliferation through cell contactindependent and contact-dependent mechanisms (6) . Particu-larly, both IL-10 and CTLA-4 have been implicated in maintaining Treg-suppressive functions in the T cell transfer model of colitis (50 -52) . To evaluate IL-10 production by Tpl2 Ϫ/Ϫ Tregs, we first performed real-time PCR analysis on either freshly isolated or TCR-stimulated T cells. IL-10 expression was basally increased in freshly isolated Tpl2 Ϫ/Ϫ Tregs relative to WT Tregs (Fig. 9A) . Increased expression and secretion of IL-10 by Tpl2 Ϫ/Ϫ Tregs upon activation was also confirmed by RT-PCR and ELISA (Fig. 9, A and B) . Consistent with increased CTLA-4 induction in iTregs (Fig. 3D) , activated Tpl2 Ϫ/Ϫ Tregs expressed higher levels of Ctla4 compared with WT Tregs (Fig.  9C) . Collectively, these results suggest that Tpl2 normally inhibits Treg-suppressive functions, at least in part, through restricting the expression of the immunosuppressive cytokine IL-10 and the cell surface inhibitory molecule CTLA-4.
Discussion
The host complement of Tregs is comprised of both nTregs derived from the thymus and iTregs that differentiate from naïve T cells in the periphery (6 -9) . Development of these distinct Treg subsets occurs in different anatomical locations and through different mechanisms (6 -9) . Our data demonstrate that nTregs develop normally in Tpl2 Ϫ/Ϫ mice. Because the majority of peripheral Tregs in most organs of naïve mice are thymus-derived nTregs (34, 53) , normal development of nTregs in Tpl2 Ϫ/Ϫ mice likely also explains the similar pool of peripheral Tregs observed in naïve Tpl2-deficient and WT mice. To specifically interrogate iTreg conversion by naïve antigen-specific WT and Tpl2 Ϫ/Ϫ CD4 ϩ T cells, a murine model of systemic tolerance was utilized. Analysis of iTreg conversion from naïve CD4 ϩ T cells in vivo in response to antigen stimulation in the absence of adjuvants clearly revealed that induction of iTreg differentiation was enhanced by Tpl2 ablation via a T cell-intrinsic mechanism.
Development of nTregs in the thymus requires strong TCR signals (reviewed in Ref. 54 ), whereas weak TCR signals and limited co-stimulation favor iTreg development in the periphery (23) (24) (25) . Several TCR signaling molecules and pathways have been implicated in the integration of TCR signals to restrict iTreg differentiation, including PKC-, mTOR, Akt, and MEK-ERK (27) (28) (29) . For instance, PKCis critically important for thymic Treg development and function by activating the calcineurin/nuclear factor of activated T-cells (NFAT) pathway, but inhibition of PKCpromotes iTreg differentiation via the Akt-Foxo1/3a pathway (45, 55) . In addition, activation of the MEK-ERK pathway or the Akt-mTOR-S6 pathway inhibits FoxP3 expression during iTreg conversion (26 -29) . Although prior studies have shown a defect in TCR-induced ERK activation in previously activated Tpl2-deficient T cells (20, 21, 30) , no defect in ERK phosphorylation was observed in this study in freshly isolated naïve Tpl2-deficient CD4 ϩ T cells upon anti-CD3 and anti-CD28 stimulation. This finding is consistent with another recently published report (56) . Consistent with a previous report that demonstrated that Tpl2 is required for the activation of the Akt-p70S6k pathway in LPS-stimulated macrophages (31) , our data reveal a novel role for Tpl2 in activating the mTOR signaling pathway in TCR-stimulated T cells. Reduced S6 activation in Tpl2 Ϫ/Ϫ T cells suggests that Tpl2 AUGUST 5, 2016 • VOLUME 291 • NUMBER 32
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promotes mTORC1 and S6K activation. As expected, treatment with the mTORC1 inhibitor rapamycin eliminated the iTreg bias by inducing similarly increased iTreg frequencies in both WT and Tpl2 Ϫ/Ϫ T cells. Therefore, enhanced iTreg differentiation by Tpl2 Ϫ/Ϫ T cells, as observed in vitro and in vivo, likely results initially from reduced activation of the Akt-mTOR-S6 pathway by Tpl2 Ϫ/Ϫ T cells in response to TCR stimulation. Consistent with altered TCR signaling, FoxP3 expression was favored in Tpl2 Ϫ/Ϫ T cells with decreasing TCR signal strengths (i.e. decreasing OVA peptide), whereas strong TCR signals partially compensated for Tpl2 deficiency in iTreg cultures. Although our data suggest that Tpl2 ablation leads to enhanced proliferation of CD4 T cells, which was similarly observed in CD8 T cells (30) , enhanced FoxP3 expression in showing the starting ratios of cells used in the T cell transfer model of colitis performed as described below. 500,000 WT sorted CD4 ϩ CD45RB hi CD25 Ϫ naïve T cells (CD45.1 ϩ ) alone or in combination with 12,500 purified WT or Tpl2 Ϫ/Ϫ CD4 ϩ CD25 ϩ Tregs (CD45.2 ϩ ) were injected into Rag1 Ϫ/Ϫ recipients. An unused portion of the injected cell mixture was analyzed for CD45.1 expression by flow cytometry to confirm the ratio of injected effectors:Tregs. C, 6-to 7-week-old Rag1 Ϫ/Ϫ recipients received 500,000 WT sorted CD4 ϩ CD45RB hi CD25 Ϫ naïve T cells alone or in combination with 12,500 purified WT or Tpl2 Ϫ/Ϫ CD4 ϩ CD25 ϩ Tregs. Mice were weighed twice weekly. n ϭ 7, 4, and 8 for the WT naïve, WT naïve ϩ WT Treg, and WT naïve ϩ Tpl2 Ϫ/Ϫ T cells is due to increased conversion to the iTreg lineage rather than increased outgrowth (or survival) of already committed iTregs.
One study reported that Tpl2 ablation resulted in modestly reduced Treg proportions in vivo in an Apc min model of intestinal tumorigenesis, and this reduction correlated with decreased IL-10 secretion in the intestinal mucosa (32) . The same study also demonstrated that Tpl2 was required for iTreg generation in response to TGF-␤ in vitro (32) . In contrast, a more recent study demonstrated that Tpl2 inhibits the DNA binding activity of FoxP3 through a MEK-ERK-dependent pathway (33) . Consistent with the findings of the latter study, our data further demonstrate that Tpl2 inhibits FoxP3 ϩ iTreg differentiation in vitro and in vivo. The reasons for the discordant findings between the former and latter studies, including our own, are currently unclear but may relate to the relative contribution of Tpl2 to nTregs versus iTregs in the model systems used. In the former study, the majority of measurements were made within the intestines of mice on the APC min/ϩ genetic background of intestinal inflammation, which is likely to alter Treg proportions. Therefore, additional studies are needed to clarify the tissue-and cell type-specific functions for Tpl2 in the generation and maintenance of specific Treg populations in vivo under specific inflammatory conditions. Tpl2 Ϫ/Ϫ Tregs are also more effective in limiting T eff cell accumulation in a colitis model than WT Tregs. Lymphopeniainduced rapid proliferation in the T cell transfer colitis model is thought to be driven by TCR recognition of self-and non-selfantigens within the lymphopenic host (57) . Co-transfer of Tregs can rescue T cell-mediated colitis mainly through the immunoregulatory molecules IL-10 and CTLA-4 (50, 51). IL-10 is an anti-inflammatory cytokine with critical roles in inhibiting inflammatory Th1 responses by acting on macrophages and dendritic cells to reduce antigen presentation (58) . In addition, IL-10 maintains FoxP3 expression and contributes to the immunosuppressive functions of Tregs (52) . Considering the published requirement for Tpl2 in IL-10 secretion by macrophages and dendritic cells (59), we were surprised by the increased production of IL-10 by Tpl2 Ϫ/Ϫ Tregs. These findings further highlight the cell type-specific immunomodulatory functions of Tpl2 previously observed by Das et al. (60) . CTLA-4 is a co-inhibitory molecule highly expressed by FoxP3 ϩ Tregs to maintain their immunosuppressive functions (39, 61) . We demonstrated that Tpl2 inhibits CTLA-4 expression in both iTregs and activated Tregs. The fact that AKT-mTOR-S6 pathway activation inhibits FoxP3 expression and CTLA-4 induction during de novo Treg conversion (62) is consistent with our observation of reduced mTOR activation in AUGUST 5, 2016 • VOLUME 291 • NUMBER 32
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Tpl2 Ϫ/Ϫ CD4 ϩ T cells. Therefore, Tpl2 ablation likely exerts a tolerogenic effect by limiting effector T cell accumulation and inflammation in a lymphopenic environment.
In conclusion, our data demonstrate a T cell-intrinsic role for Tpl2 in promoting TCR activation through enhanced mTOR activation, which corresponds with impaired FoxP3 expression and iTreg differentiation in the presence of Tpl2. Furthermore, our data support a role for Tpl2 in inhibiting Treg immunosuppressive function by constraining the expression of FoxP3 and the immunosuppressive molecules IL-10 and CTLA-4. This fits with the observation that iTregs express significantly less Tpl2 than T cells activated under neutral (Th0) conditions and suggests that iTreg-inducing cytokines (likely TGF␤) limit Tpl2 expression in Tregs because it is antagonistic to Treg tolero-genic functions. Collectively, these findings provide important information about the therapeutic potential of Tpl2 inhibitors. Tpl2 inhibitors might be a means to enhance the expansion of more stable iTregs in vitro for use in Treg-based immunotherapies to treat a variety of autoimmune diseases, including those dominated by Th1 or Th17 profiles.
Experimental Procedures
Mice-C57BL/6 and Rag1 Ϫ/Ϫ mice were obtained from The Jackson Laboratory. Tpl2 Ϫ/Ϫ mice backcrossed more than 10 generations onto the C57BL/6 genetic background were kindly provided by Thomas Jefferson University and Dr. Philip Tsichlis (Tufts University). Tpl2 Ϫ/Ϫ mice were also intercrossed with OT-II ϩ TCR transgenic mice obtained from the National Institutes of Health repository. C57BL/6-Ly5.1 mice were purchased from Charles River Laboratories. Animals were used at 6 -16 weeks of age as indicated and were age-and sex-matched for individual experiments. Animals were maintained in sterile microisolator cages on the same housing rack of the Central Animal Facility of the College of Veterinary Medicine. All experiments involving mice were performed according to the University of Georgia guidelines for laboratory animals and were approved by the University of Georgia Institutional Animal Care and Use Committee.
Cell Isolation and Purification-Spleens, lymph nodes, or thymi were disaggregated by pressing through a 70-m filter. For spleens, red blood cells were lysed with ammonium-chloride-potassium lysing buffer (Invitrogen). Naïve CD4 ϩ T cells and Tregs were isolated from spleens and lymph nodes of mice as follows. First, CD4 ϩ T cells were enriched using magnetic separation with a CD4 ϩ T cell isolation kit (Miltenyi Biotec). Untouched naïve T cells (CD4 ϩ CD44 lo CD62L hi CD25 Ϫ ) and Tregs (CD4 ϩ CD25 ϩ ) were further purified by FACS using antibodies recognizing CD4, CD44, CD62L, and CD25 (eBiosciences). LPLs were purified from colons of mice as described previously (63) . Bone marrow-derived dendritic cells (BMDCs) were generated as described previously (18) . BMDCs were harvested after 7 days and purified by magnetic positive selection with CD11c microbeads (Miltenyi Biotec).
Cell Culture-For T cell/dendritic cell co-cultures, 100,000 naïve WT OT-II ϩ or Tpl2 Ϫ/Ϫ OT-II ϩ T cells (CD4 ϩ CD44 lo CD62L hi CD25 Ϫ ) were co-cultured with either 10,000 WT or Tpl2 Ϫ/Ϫ BMDCs in a volume of 200 l of complete medium (RPMI 1640 containing 10% FBS, 100 units/ml penicillin, 100 g/ml streptomycin, 2 mM L-glutamine, 0.01 M HEPES, and 50 M 2-mercaptoethanol) under neutral (medium alone, Th0) or iTreg-inducing conditions (10 ng/ml rhTGF-␤ ϩ 40 IU/ml rhIL-2, Peprotech) and in the presence of increasing concentrations of OVA 323-339 peptide (Peptides International). On day 3 of culture, FoxP3 expression was determined by intracellular staining using the FoxP3 fix/perm kit (eBiosciences), followed by flow cytometry or by real-time PCR for Foxp3 mRNA expression as described below. For stimulation of T cells, naïve T cells and Tregs were stimulated with 40 and 100 IU/ml IL-2, respectively, along with anti-CD3 and anti-CD28 at the indicated concentrations. Cells were harvested and subjected to either RT-PCR or Western blotting analysis. Cell Stimulation for Phospho-flow Staining-Splenocytes were isolated from WT and Tpl2 Ϫ/Ϫ mice. After a 2-h resting period in complete medium, cells were stained on ice with 5 g/ml biotinylated anti-CD3 and 2.5 g/ml biotinylated anti-CD28 (eBioscience), followed by cross-linking with 50 g/ml streptavidin (Thermo Scientific). Cells then were stimulated for 2, 5, or 30 min in complete medium at 37°C. ERK phosphorylation in naïve CD4 ϩ T cells (CD4 ϩ TCR␤ ϩ CD25 Ϫ CD44 lo ) was detected by intracellular staining for anti-ERK1/2 (Thr(P)-202/ Tyr(P)-204) (BD Biosciences) and flow cytometry. For measurement of phosphorylation of S6, splenocytes were stimulated with 2.5 g/ml each of soluble anti-CD3 and anti-CD28 for 10, 20, or 30 min, and phosphorylation of S6 (Ser-235/236, Cell Signaling Technology) was determined by intracellular staining within the gated naïve CD4 ϩ T cell population (CD4 ϩ TCR␤ ϩ CD25 Ϫ CD44 lo ).
Flow Cytometry-For analysis of surface markers, cells were stained in PBS containing in either 5% FBS or 0.1% (w/v) BSA with antibodies directed against CD4 (eBioscience, RM4-5), CD25 (eBioscience, PC61.5), CD62L (eBioscience, MEL-14), CD44 (eBioscience, IM7), TCR␤ (eBioscience, H57-597), ICOS (eBioscience, C398.4A), GITR (eBioscience, DTA-1), CD45.1 (eBioscience, A20), and CD45.2 (eBioscience, 104). Annexin V-FITC (eBioscience) was stained following the instructions of the manufacturer (eBioscience). Intracellular FoxP3 (eBioscience, FJK-16s) and CTLA-4 (eBioscience, UC10-4B9) were stained using the FoxP3 fix/perm kit (eBiosciences) following surface staining.
Carboxyfluorescein Succinimidyl Ester (CFSE) Labeling-1 ϫ 10 7 /ml WT OT-II ϩ or Tpl2 Ϫ/Ϫ OT-II ϩ naïve T cells were incubated for 8 min at room temperature with 2.5 M CFSE (Cayman Chemical). The incubation was terminated by addition of an equal volume of FBS for 1 min. Cells were washed twice with complete medium and counted. 100,000 CFSE-labeled naïve WT OT-II ϩ or Tpl2 Ϫ/Ϫ OT-II ϩ naïve T cells were co-cultured with 10,000 WT BMDCs in a volume of 200 l of medium under iTreg-inducing conditions (5 ng/ml rhTGF-␤ ϩ 40 IU/ml rhIL-2, Peprotech) for 3 days. Cells were harvested and stained intracellularly for FoxP3 following surface staining.
Measurement of mRNA Expression and Cytokine Secretion-mRNA expression was determined as described previously using RT-PCR (64). The following probe/primer sets were purchased from Applied Biosystems: Map3k8 (Mm00432637), Foxp3 (Mm00475165_m1), Il10 (Mm01288386_m1), Ctla4 (Mm00486849), Actinb (4352341E-1112017), and 18s (4310893E-0802039). IL-10 concentrations in cell culture supernatants were measured by ELISA (IL-10 Ready-Set-Go ELISA, eBioscience).
Western Blotting-WT or Tpl2 Ϫ/Ϫ CD4 ϩ T cells were stimulated with the indicated ligands at 37°C for the indicated time points. Cells were lysed in protein lysis buffer containing 0.5% Triton X-100, 50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 2 mM EDTA, 200 M Na 3 VO 4 , 10 g/ml aprotinin, 10 g/ml leupeptin, and 2.5 M nitrophenyl p-guanidinobenzoate. Proteins were separated on Bis-Tris 4 -12% gradient gels (Life Technologies) and probed with antibodies to detect Tpl2/Cot (Santa Cruz Biotechnology, catalog no. sc-720, lot no. B2514) and ␤-Actin (Santa Cruz Biotechnology, catalog no. sc-130656, lot no. I1913) followed by HRP-labeled secondary antibodies (Cell Signaling Technology). Western blots were visualized using ECL (Lumigen, Inc.).
In Vivo Differentiation of iTregs Using a Murine Model of Systemic Tolerance-Systemic tolerance was induced as described previously (44, 45) . In brief, 4 million sorted naïve WT OT-II ϩ or Tpl2 Ϫ/Ϫ OT-II ϩ T cells (CD4 ϩ CD44 lo CD62L hi CD25 Ϫ ) were adoptively transferred into C57BL/6-Ly5.1 (CD45.1 ϩ ) congenic recipient mice. After 24 h, each recipient was injected with 5 g OVA 323-339 peptide or an equal volume of PBS alone. On day 8 post-injection, spleens and MLNs were harvested and stained for the quantitation of FoxP3 ϩ CD4 ϩ iTreg conversion within the donor cell (CD45.2 ϩ ) population.
T Cell Transfer Model of Colitis-For in vivo suppression assays, 6-to 7-week-old Rag1 Ϫ/Ϫ mice were injected with 500,000 FACS-sorted naïve WT CD4 ϩ CD45RB hi CD25 Ϫ T cells alone or in combination with 12,500 WT or Tpl2 Ϫ/Ϫ CD4 ϩ CD25 ϩ Treg cells intravenously in a total volume of 200 l of PBS according to a published report (49) . Mice were weighed prior to injection and twice weekly thereafter. Blood was collected from the tail vein at the indicated intervals posttransfer as well as by terminal cardiac puncture at the time of euthanasia. Serum cytokines were quantified using a murine Th1/Th2/Th17 or inflammation cytokine bead array (BD Biosciences).
Histopathology-Colonic sections from mice were collected and fixed in 10% neutral buffered formalin for 24 h at room temperature. Complete cross-sections of formalin-fixed intestinal sections were placed in cassettes, embedded in paraffin, sectioned at 4-m thickness, mounted on glass slides, and stained with H&E. Histological sections were evaluated by a veterinary pathologist (T. N.) and scored according to the following criteria: A) distribution of the inflammation: 0 ϭ none, 1 ϭ focal, 2 ϭ multifocal, 3 ϭ diffuse; B) degree of inflammation: 0 ϭ none, 1 ϭ mild, 2 ϭ moderate, 3 ϭ severe; C) extent of erosion and/or ulceration: 0 ϭ none, 1 ϭ superficial (lamina propria only), 2 ϭ moderate (extends to the submucosa), 3 ϭ severe (transmural). Scores were summed to give a total inflammation score.
Statistical Analysis-p Values were calculated using twotailed Student's t test, one or two-tailed paired Student's t test, or one-tailed Mann-Whitney test as indicated in the figure legends. Error bars represent mean Ϯ S.E. unless otherwise indicated.
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